Oxidation of CO by gas-phase atomic clusters is being actively studied to understand the molecular-level mechanisms of heterogeneous CO oxidation over related catalytic surfaces. However, it is experimentally challenging to study CO oxidation by neutral heteronuclear metal oxide clusters because of the difficulty of cluster ionization and detection without fragmentation. Herein, the neutral AuVO 2−4 clusters were experimentally generated and their reactions with CO and O 2 were studied. The experimental results showed that CO adsorption is the dominant channel on the interactions of AuVO 4 and AuVO 3 with CO, and AuVO 2 can pick up an O 2 molecule to generate AuVO 4 . Theoretical studies indicated that the oxidation of the trapped CO in AuVO 3,4 CO into CO 2 is exothermic while the reaction barriers have to be overcome at the elevated temperatures. A catalytic cycle for CO oxidation by AuVO 2−4 is proposed.
I. INTRODUCTION
Study of gas-phase reactions that can be performed under isolated conditions is important to understand heterogeneous catalysis at a strictly molecular level [1] [2] [3] [4] [5] [6] [7] . Gold catalysis is an appealing research topic in gasphase studies because highly dispersed gold catalysts are being actively studied since the breakthrough [8, 9] that TiO 2 supported gold nanoparticles can catalyze CO oxidation at low temperatures, and supported gold exhibits extraordinary catalytic activity in many other chemical processes [10] [11] [12] [13] [14] . Gold-containing heteronuclear metal oxide clusters (HMOCs) [15] are promising models to explore the nature of oxide supported gold catalysis. CO oxidation, a prototypical reaction in heterogeneous processes [16] , is one type of the best studied reactions in gas phase. [20] , and Au 2 TiO 4 − [21] , have been shown to be powerful in CO oxidation. It is noteworthy that the current gas-phase studies on † Part of the special issue for "the 19th International Symposium on Small Particles and Inorganic Clusters"
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HMOCs are focused on charged (positive or negative) clusters and the related neutral clusters have been scarcely reported [22, 23] because of the difficulty of cluster ionization and detection without fragmentation.
In addition, the relative intensities of experimentally generated neutral HMOCs are generally lower than their homonuclear counterparts. In real-life conditions, the catalytically relevant sites could be positive, negative, or neutral in nature. The reactivity study of neutral gold-containing HMOCs is thus important to further understand gold catalysis. Recently, a timeof-flight (TOF) mass spectrometer coupled with an improved vacuum ultraviolet (VUV) laser system has been home made to study the reactivity of neutral metal oxide clusters [24] . Benefiting from this experimental instrument, the size-dependent reactivity of nanosized neutral manganese oxide clusters Mn 2N O 3N +x (N =2−22; x=−1, 0, 1) toward ethylene was studied [25] . Moreover, on the reaction of Au 2 Al 2 O 3 with methane, the elimination of methyl radical was observed after VUV ionization [26] .
Herein, the neutral AuVO 2−4 clusters were experimentally generated and the interactions with CO and O 2 in a fast flow reactor were investigated. CO adsorption was the dominant channel on the interactions of AuVO 4 and AuVO 3 with CO at room temperature, and the reaction of AuVO 2 with O 2 to generate AuVO 4 could be clearly identified. Catalytic CO oxidation by O 2 mediated with neutral AuVO 2−4 clusters was proposed, while an elevated temperature is required to drive the oxidation of the trapped CO of AuVO 4 CO and AuVO 3 CO into CO 2 . The results are of scientific and practical importance to have a comprehensive understanding of related gold catalysis.
II. METHODS

A. Experimental methods
The neutral Au x V y O z clusters were generated by pulsed laser ablation of a mixed gold-vanadium disk (molar radio Au/V=1:1) in the presence of 2.0%
16 O 2 , 0.25%
16 O 2 , or 0.25% 18 O 2 seeded in a He carrier gas (99.999%) with a backing pressure of about 4.0 standard atmospheres. The clusters generated in a gas channel were expanded and reacted with 10% CO and pure 16 O 2 in a fast flow reactor, where the pressure of carrier gas was about 60 Pa. After the reactions, the charged ions were removed from molecular beams by two deflection plates. The neutral reactants and products were skimmed into the vacuum system of a TOF mass spectrometer and ionized by four separated VUV laser beams (118 nm, 10.5 eV per photon). The 118 nm laser beams were generated with an intense λ=355 nm laser beam that was split into four beams and then focused into a gas cell containing the Xe/Ar mixture. After single photon ionization of the clusters by the VUV laser, the cluster ions passed through the reflector of the TOF mass spectrometer and then were detected by a dual microchannel plate detector. The temperature of the reactant gases (10% CO or pure O 2 ) and the fast flow reactor was around 298 K. Note that most of the metal oxide clusters have ionization energies below 10.5 eV [27] , and thus can be ionized and detected. The signals from the detector were recorded with a digital oscilloscope. The details of running the experimental setup can be found in our previous work [24] .
B. Computational methods
Density functional theory (DFT) calculations using the Gaussian 09 program [28] were performed to investigate the structures of the neutral AuVO 2−4 clusters as well as their reactions with CO or O 2 . The TPSS functional has been demonstrated to perform well for the Au−V−O system, thus the results by TPSS [29] were given throughout this work. The TZVP basis sets [30] for C, O and V atoms and the D95V basis set combined with Stuttgart/Dresden relativistic effective core potential (denoted as SDD in Gaussian software) [31] for Au were adopted. The relaxed potential energy curve (PEC) in terms of single or multiple internal coordinates was determined extensively to obtain good guess structures for intermediates (IMs) and transition states (TSs) along the pathways. The TSs were optimized using Benny algorithm [32] . Intrinsic reaction coordinate calculations [33] were employed to ensure that each TS connects two appropriate local minima. Vibrational frequency calculations were carried out to check that the IMs and the TSs have zero and only one imaginary frequency, respectively. The zero-point vibration corrected energies at 0 K (∆H 0 ) were reported in this work.
III. RESULTS
A. Experimental results
The TOF mass spectra for the interactions of laserablation generated Au x V y O z clusters with CO and 16 O 2 in the fast flow reactor are shown in FIG. 1 . Upon the interactions with CO (FIG. 1(b, c) traps CO and cannot oxidize CO into CO 2 at room temperature. Unlike the charged clusters, the neutral clusters cannot be mass-selected and stored in a reactor, such as an ion trap. Different ionization efficiency of neutral clusters further increases the difficulties to identify exactly the reaction channels of neutral clusters, particularly for oxygen atom loss channels such as AuVO 4 +CO→AuVO 3 +CO 2 . Therefore, the reactivity of AuVO 4 and AuVO 3 to oxidize CO into CO 2 has to be further studied with theoretical calculations (see the text below). On the interaction with 16 O 2 , the signal intensity of AuVO 2 decreased and that of AuVO 4 increased (FIG. 1(f) ). This indicates clearly that AuVO 2 can pick up an O 2 molecule to give rise to AuVO 4 . Isotopic-labeling experiment (FIG. 1(h) 
The pseudo-first-order rate constants for the above reactions have been roughly estimated and the order of magnitude of the depletion rate constants for the interactions of 
B. Theoretical results
Theoretical calculations have been performed to obtain the structures of the AuVO 2−4 clusters (FIG. 2   and FIG. S1 in supplementary materials) FIG. 2 were calculated to be in the range of 9.12−9.90 eV, thus these neutral clusters could be detected by single photon ionization (118 nm, 10.5 eV) in the experiments [27] . Note that all of these low-lying cluster isomers (IS01−IS06) could be populated in the cluster source. For the reaction of AuVO 4 ( 3 IS01) with CO (FIGs. S2 and S3 in supplementary materials), the V site can anchor CO tightly with a large binding energy of 1.08 eV, while the subsequent oxidation is almost thermodynamically neutral (∆H 0 =−0.02 eV, FIG. S2 in supplementary materials). Thus, AuVO 4 ( 3 IS01) prefers to adsorb CO and corresponds to the observed product AuVO 4 CO in the experiment (FIG. 1(b, c) ). In contrast, FIG. 3(a) shows that the oxidation of CO into CO 2 by AuVO 4 ( 1 IS02) is thermodynamically favorable. However, the exposed and the positively charged Au site (+0.57 e) in AuVO 4 ( 1 IS02) traps CO tightly with a large binding energy of 2.41 eV (I1). The subsequent CO oxidation step (I1→TS1→I2) has to overcome a large barrier of 1.70 eV. Thus, the adsorption complex AuVO 4 CO (I1) could be trapped in the experiment. This is the very similar case for the reaction of the lowest-lying AuVO 3 ( 1 IS04) isomer with CO, as shown in FIG. 3(b) .
Rice-Ramsperger-Kassel-Marcus theory [34] calculations indicated that for reaction AuVO 4 ( 1 IS02)+CO (FIG. 3(a) ), the rate of internal conversion (I1→TS1→I2: 2.0×10 6 s −1 ) is smaller than the rate of collision (1.5×10 7 s −1 ) between the reaction complex and the bath gas (He) in the fast flow reactor. Thus, most of the reaction complex (I1, AuVO 4 CO) can be trapped under thermal collision conditions. For reaction AuVO 3 ( 1 IS04)+CO, though the calculated rate of internal conversion (I5→TS4→I6: 4.2×10 7 s −1 ) is slightly larger than the rate of collision (1.2×10 7 s −1 ) between the adsorption complex AuVO 3 CO and He, AuVO 3 CO might also be trapped in the experiment considering that the DFT method could slightly underestimate the energy of TS4. The calculations generally supported the experimental observation that adsorption products AuVO 3,4 CO are identified (FIG.  1(b, c) ) on the interactions of AuVO 3 and AuVO 4 with CO. Our previous study indicated that the elevated temperatures (>300 K) could drive CO oxidation by the V 2 O 6 − cluster anion [35] . In the current (FIG. 1(d−h) ). Based on these experimental and theoretical calculations, the catalytic CO oxidation by O 2 mediated with neutral AuVO 2−4 clusters can be proposed, as shown in FIG. 4(a) , while the elevated temperatures (>300 K) [35] are required to drive CO oxidation into CO 2 by AuVO 4 (  1 IS02, FIG. 2 ) and AuVO 3 ( 1 IS04). In contrast, for the lowest-lying AuVO 4 isomer (  3 IS01, FIG. 2) , a higher temperature could facilitate desorption of CO and the regeneration of AuVO 4 and CO rather than the oxidation of CO into CO 2 because this reaction is thermodynamically neutral (FIGs. S2 and S3 in supplementary materials). in FIG. 3(c) . The highest occupied molecular orbital on AuVO2 is shown.
IV. DISCUSSION
The activation and dissociation of molecular O 2 is generally highlighted as the rate determining step in catalytic CO oxidation mediated with gold-containing species in both the condensed-phase [36, 37] and gasphase studies [17, 20, 21] in  FIG. 3(c) is presented in FIG. 4(b) . As shown, the Au atom acts as the dominant electron donator for O 2 activation. This can also be reflected by orbital analysis that the highest occupied molecular orbital of AuVO 2 is localized mainly on the Au atom (FIG. 4(b) ). However, O 2 cannot be adsorbed directly on the negatively charged Au site (−0.13 e) in AuVO 2 , indicating that the VO 2 region also plays an important role in charge transfer interaction during O 2 activation. This behavior parallels well the metal-support interaction of oxide supported gold catalysts [43] . A previous theoretical study on the reaction of the AuVO [19] . The studies on the reaction of neutral and charged Au−V−O clusters with O 2 indicate that some fundamental chemistry such as interchange of Au−M with Au−O to drive catalytic processes could be the same for both neutral and charged active sites on related gold catalysts.
V. CONCLUSION
In summary, the neutral AuVO 2−4 clusters have been generated and the reactivity of AuVO 3,4 toward CO and AuVO 2 toward O 2 has been investigated by using mass spectrometry experiments and theoretical calculations. The adsorption of CO on the AuVO 4 and AuVO 3 clusters was the dominant channel, and the reaction of AuVO 2 with O 2 to generate AuVO 4 was identified unambiguously. Mechanistic study suggests that CO oxidation into CO 2 by AuVO 4 (  1 IS02, FIG. 2 ) and AuVO 3 ( 1 IS04) is possible at elevated temperatures. A catalytic cycle of CO oxidation by O 2 mediated with neutral AuVO 2−4 clusters can be proposed. Moreover, we identified that the AuVO 2 cluster with closed-shell electronic structure can activate molecular O 2 into peroxide O 2 2− . The oxidation of CO into CO 2 by the AuVO 4 and AuVO 3 clusters was not experimentally identified, while theoretical calculations demonstrated that they can oxidize CO into CO 2 at the elevated temperatures. Thus, this study could be among the first to report catalytic CO oxidation by O 2 mediated with neutral heteronuclear metal oxide clusters [45] .
Supplementary materials: Additional theoretical results, DFT-calculated low-lying isomers for the AuVO 2−4 clusters and the potential energy profiles AuVO 3,4 +CO and AuVO 2 +O 2 , are given.
